Increased proliferation and resistance to apoptosis of pulmonary arterial vascular smooth muscle cells (PAVSMCs), coupled with metabolic reprogramming, are key components of pulmonary vascular remodeling, a major and currently irreversible pathophysiological feature of pulmonary arterial hypertension (PAH). We recently reported that activation of mammalian target of rapamycin (mTOR) plays a key role in increased energy generation and maintenance of the proliferative, apoptosis-resistant PAVSMC phenotype in human PAH, but the downstream effects of mTOR activation on PAH PAVSMC metabolism are not clear. Using liquid and gas chromatography-based mass spectrometry, we performed pilot metabolomic profiling of human microvascular PAVSMCs from idiopathic-PAH subjects before and after treatment with the selective adenosine triphosphate-competitive mTOR inhibitor PP242 and from nondiseased lungs. We have shown that PAH PAVSMCs have a distinct metabolomic signature of altered metabolites-components of fatty acid synthesis, deficiency of sugars, amino sugars, and nucleotide sugars-intermediates of protein and lipid glycosylation, and downregulation of key biochemicals involved in glutathione and nicotinamide adenine dinucleotide (NAD) metabolism. We also report that mTOR inhibition attenuated or reversed the majority of the PAH-specific abnormalities in lipogenesis, glycosylation, glutathione, and NAD metabolism without affecting altered polyunsaturated fatty acid metabolism. Collectively, our data demonstrate a critical role of mTOR in major PAH PAVSMC metabolic abnormalities and suggest the existence of de novo lipid synthesis in PAVSMCs in human PAH that may represent a new, important component of disease pathogenesis worthy of future investigation.
Pulmonary arterial hypertension (PAH) is a progressive disease, manifested by vasoconstriction and remodeling of small muscular pulmonary arteries (PAs) and leading to increased PA pressure, elevated right ventricular afterload, right heart failure, and death. 1 Increased proliferation and resistance to apoptosis of distal pulmonary arterial vascular smooth muscle cells (PAVSMCs) are major components of pulmonary vascular remodeling, the mechanisms of which are not completely understood. 2 Several lines of evidence demonstrate a close connection between increased proliferation and survival of PAVSMCs in PAH and alterations in major metabolic pathways. PAVSMCs in human PAH and experimental pulmonary hypertension (PH) have reduced mitochondrial glucose oxidation and metabolic shift to glycolysis supported by inhibition of pyruvate dehydrogenase (PDH) and upregulation of PDH kinase (PDK) and hypoxia-inducible factor 1α. 3, 4 Recently, deregulation of malonyl-coenzyme A (CoA) decarboxylase, acetyl-CoA carboxylase (ACC), and peroxisome proliferator-activated receptor γ (PPARγ) has been linked with human PAH PAVSMC proliferation and survival, indicating the role of lipid metabolism in vascular remodeling. 5, 6 Alterations in the redox system and oxidative stress also play critical roles in imbalanced proliferation and apoptosis of PAVSMCs in PAH. 7, 8 Such multiple abnormalities in metabolic modulators strongly suggest that PAVSMCs in PAH undergo metabolic reprogramming to support an energy-consuming, proliferative, prosurvival cell phenotype.
We recently reported that increased adenosine triphosphate (ATP) generation, proliferation, and survival of PAVSMCs in human PAH require persistent activation of protein kinase mammalian target of rapamycin (mTOR), 6 a catalytic core of two multi-protein complexes, mTOR complex 1 (mTORC1) and mTORC2. We found that both complexes are required for vascular smooth muscle remodeling, with mTORC2 playing a critical role in energy generation, survival, and mTORC1-dependent proliferation of PAH PAVSMCs. 6 This complex (mTORC2) is an emerging key regulator of glycolytic shift in cancer, and the role of mTORC1 as a master regulator of protein and lipid synthesis is well confirmed by extensive basic and translational studies. 9 Together, published studies from our group and others strongly suggest an important role of mTOR in PAVSMC metabolic reprogramming in PAH.
In this study, we aimed to dissect the metabolic alterations in PAVSMCs in human PAH, with a specific focus on mTOR as a potential driver of metabolic reprogramming. We performed exploratory metabolomic analysis of primary distal PAVSMCs derived from lungs of subjects with idiopathic PAH and compared them with distal PAVSMCs from nondiseased human lungs and with the same cultures of PAH PAVSMCs treated with the selective mTOR kinase inhibitor PP242, which blocks mTOR catalytic activity in both mTORC1 and mTORC2. 6 We found that PAH PAVSMCs have a distinct metabolomic profile compared to cells from normal lungs, with marked changes in lipid, carbohydrate, and redox metabolism, the majority of which were mTOR dependent. We further report new, PAH-specific alterations in major biochemicals involved in glycosylation that are reversed by mTOR inhibition. Collectively, our data demonstrate a critical role of mTOR in major metabolic abnormalities in PAH PAVSMCs and suggest that PAH PAVSMCs have de novo lipid synthesis linked to mTOR, which may represent novel, potentially important pathological mechanisms contributing to disease pathogenesis.
METHODS

Human-cell cultures
PAVSMCs from small (<1,500-μm outer diameter), muscular PAs from subjects with idiopathic PAH and unused donor lungs (control) were provided by the Pulmonary Hypertension Breakthrough Initiative (PHBI), under protocols approved by the PHBI and University of Pittsburgh institutional review boards. Cells were isolated and characterized by the presence of smooth muscle markers (smooth muscle actin [SMA], smooth muscle protein 22 [SM22], and smooth muscle-myosin heavy chain [SM-MHC]) to confirm smooth muscle origin, as described previously, 6 and then cultured in smooth muscle growth medium (SmGM) supplemented with SmGM growth kit (Lonza, Walkersville, MD). Before experiments, cells were incubated in Lonza Sm basal media supplemented with 0.1% bovine serum albumin for 24 hours and then treated with 10 μM mTOR kinase inhibitor PP242 (Tocris Bioscience, Bristol, UK) or vehicle for 24 hours. Cells of the same passage 5 were used through all experiments. Cells from 5 subjects per group were analyzed for each experimental condition.
Metabolomic profiling
Cell monolayers were washed with ice-cold phosphate-buffered saline, cells were harvested by trypsinization, and cell pellets were snap-frozen in liquid nitrogen. Metabolomic profiling was per-formed by Metabolon (Durham, NC), as previously described. 10 Briefly, cell pellets were subjected to a series of organic and aqueous extractions, divided into two fractions, frozen, and dried under vacuum, and liquid chromatography-and gas chromatography-based mass spectrometry were performed ( Fig. S1 ; Figs. S1, S2 available online). A full description of the methodology is provided in the appendix, available online.
Statistical analysis and data presentation
Cells from 5 control and 5 idiopathic-PAH subjects were analyzed for each metabolite in each experimental condition. Raw data were normalized to total protein concentration assessed by Bradford assay, and log transformation and imputation of missing values for each compound, if any, were performed with the minimum observed value for each compound. Statistical analysis was performed with the R GNU software (Free Software Foundation). Statistically significant differences among groups were assessed with the Welch 2-sample t test, with values of P ≤ 0.05 sufficient to reject the null hypothesis and values 0.05 < P < 0.1 approaching significance. Multiple comparisons were accounted for by estimating the false discovery rate (FDR) with q values from the permuted P values. 11, 12 Data were presented as box-and-whiskers plots (see Fig. S2 for details). Principal-component analysis was performed on logtransformed data. Hierarchical clustering and z-score plots were created for changed metabolites for PAH versus control cells and for PAH cells treated with an mTOR inhibitor versus those treated with vehicle. For z-score plots, the mean and standard deviation of the control samples were determined for each metabolite. Then, each sample was centered by the control mean and scaled by the control standard deviation. Hierarchical clustering was performed on the log-transformed normalized data. The log-transformed data were median centered, per metabolite, before clustering. Euclidean distance was used for the similarity metric. A yellow/blue color scheme was used in heat maps of the metabolites. The reaction schemes for carbohydrate, lipid, nicotinamide adenine dinucleotide (NAD), and glutathione metabolism are based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database pathway maps (references are provided in the appendix, available online).
RESULTS
PAVSMCs from subjects with idiopathic PAH have a unique metabolomic signature
Comparison of metabolomic profiles of PAVSMCs from control and idiopathic-PAH lung (5 subjects/group) demonstrated that PAH PAVSMCs exhibit a distinct metabolic signature compared to control cells ( Fig. 1A ). Among 420 quantitatively detected compounds of known identity, 38 metabolites were found to be altered in PAH PAVSMCs compared to controls, 19 of which were significantly different (Fig. 1B, 1C ). Nonsupervised hierarchical-clustering analysis of changed metabolites across the samples showed metabolic distinction between PAVSMCs from PAH and control subjects ( Fig. 1D ), demonstrating that distal PAVSMCs in PAH have a distinct metabolomic pattern compared to those from control lungs. Arrows indicate upregulated (red) and downregulated (green) metabolites. C, A z-score plot showing the levels of 38 differential metabolites normalized to the mean of the control samples. Red: cells from control subject; blue: cells from idiopathic PAH subject (5 subjects/ group). D, Heat map representing the nonsupervised hierarchical clustering of 38 differential metabolites in PAH PAVSMCs (5 subjects/ group) relative to normal sample data (5 subjects/group). Shades of yellow and blue represent the increase and decrease of a metabolite, respectively, relative to the median metabolite levels. The heat map scale (bottom) ranges from −4 to +4 on a log 2 scale. UDP: uridine diphosphate. Figure 2 . Effect of mTOR inhibition on metabolomic profile of pulmonary arterial hypertension (PAH) pulmonary arterial vascular smooth muscle cells (PAVSMCs). A, Principal-component analysis of the total metabolites detected in PAH PAVSMCs treated with the small adenosine triphosphate-competitive mTOR inhibitor PP242 (blue) compared to vehicle-treated PAH PAVSMCs (red); 5 subjects/ group. B, Significantly changed metabolites (P ≤ 0.05) and those approaching statistical significance (0.05 < P < 0.1) after PP242 treatment, compared to nontreated cells, by the Welch 2-sample t test. Arrows indicate upregulated (red) and downregulated (green) metabolites. C, A z-score plot of the 55 named metabolites differential between PP242-treated (blue) and vehicle-treated (red) groups, normalized to the mean of the control samples (5 subjects/group). D, Heat map showing relative levels of 55 differential metabolites in vehicle-treated (left) and PP242-treated (right) PAH PAVSMCs, arranged by unsupervised hierarchical clustering. Shades of yellow and blue represent an increase and decrease of a metabolite, respectively, related to the median metabolite levels. The heat map scale (bottom) ranges from −4 to +4 on a log 2 scale. UDP: uridine diphosphate. mTOR: mammalian target of rapamycin. mTOR is required for a majority of PAH-specific metabolomic changes
In order to evaluate the impact of mTOR on the metabolomic alterations in subjects with idiopathic PAH, we next performed metabolomic profiling of PAH PAVSMCs from the same subjects treated with the mTOR kinase inhibitor PP242 or vehicle. The mTOR inhibition had broad metabolic effects, as evident by Euclidean-distance shift, compared to vehicle-treated group ( Fig. 2A ) and resulted in significant alterations in 55 out of 420 metabolites (Fig. 2B, 2C) . Hierarchical clustering revealed a clear distinction between treated and untreated groups (Fig. 2D ), demonstrating the critical role of mTOR in PAH PAVSMC metabolism. Of note, PP242 improved the levels of 24 of the 38 metabolites that are differential between PAH and nondiseased cells ( Table 1) , showing the important role of mTOR in a majority of PAH-specific metabolomic changes.
mTOR and sugar metabolism
To dissect metabolic pathways dysregulated in PAH, we performed mapping of metabolites significantly deregulated in PAH PAVSMCs to their respective biochemical pathways based on the KEGG database. While metabolomic analysis detected subtle changes in intermediates of glycolysis, we found marked changes in the levels of sugars, amino sugars, and nucleotide sugars, which are the readouts of protein and lipid glycosylation capacity and polysaccharide biosynthesis between PAH and control cells ( Fig. 3 ). Specifically, PAH samples displayed significantly lower levels of N-acetylneuraminate and a similar strong trend for uridine diphosphate (UDP)glucuronate, key metabolites in synthesis of glycoproteins/glycolipids (gangliosides), and glucosaminoglycans, respectively, compared to control cells. A similar pattern was observed for UDP-acetylglucosamine-UDP-acetylgalactosamine, UDP-galactose, and mannose-6-phosphate ( Fig. 3 ). In addition, PAH PAVSMCs showed a reduction in the levels of fructose and glucose-6-phosphate, universal metabolites that also serve as intermediates in carbohydrate pathways related to glycosylation. Interestingly, in addition to intermediates of N-and O-glycosylation pathways, PAH PAVSMCs also had a significant decrease in C-glycosyltryptophan, the key metabolite involved in C-mannosylation, a recently discovered protein modification playing a pathological role in metabolic syndrome complications. 13 Inhibition of mTOR with PP242 attenuated or reversed glycosylationassociated sugar deficiency in PAH PAVSMCs, including significant elevation of UDP-acetylglucosamine-UDP-acetylgalactosamine, Cglycosyltryptophan, fructose, and sorbitol. This pattern was also evident for UDP-galactose, mannose-6-phosphate, and glucose-6phosphate. Therefore, PAH PAVSMCs have a mTOR-dependent deficit of sugars, amino sugars, and nucleotide sugars, intermediates of protein and lipid glycosylation, strongly suggesting disturbed glycosylation processes in PAH PAVSMCs.
mTOR and lipid metabolism
We found that intermediates of medium-chain fatty acid metabolism (caprylic and capric fatty acids, as well as citrate, the precursor of fatty acid biosynthesis; Fig. 4A ) and the key intermediates of polyunsaturated fatty acid (PUFA) metabolism were increased in PAH PAVSMCs compared to controls. Specifically, we detected a significant increase in the major precursors of eicosanoids, eicosapentaenoic acid (EPA) and docosaexaenoic acid (DHA), and a trend to increase for arachidonic acid (AA; Fig. 4B ). Inhibition of mTOR with PP242 reversed citrate, caprylate, and caprate levels and reduced the levels of palmitate, consistent with a role of mTOR in altered fatty acid biosynthesis in human PAH PAVSMCs. PP242, however, had no effect on PUFA levels in PAH PAVSMCs (Fig. 4B) , indicating that mTOR acts in parallel or downstream of eicosanoid mediator formation. Interestingly, we also detected an imbalance of metabolites involved in choline-conjugated phospholipid biosynthesis and degradation, with changes that trended toward the opposite patterns (Fig. 4C ). The effect of mTOR inhibition on cholineconjugated phospholipid metabolism in PAH PAVSMCs was also divergent. For instance, PP242 significantly abolished choline to the levels comparable with those in control cells and improved levels of cytidine diphosphate (CDP)-choline without evident effects on glycerophosphorylcholine (GPC; Fig. 4C ). Taken together, these observed changes suggest that eicosanoid and medium-chain fatty acid metabolism are deregulated in PAH PAVSMCs and that mTOR likely controls medium-chain fatty acid synthesis. Trends in deregulation of choline-conjugated phospholipid metabolism are suggestive of potential alterations in membrane dynamics in PAH PAVSMCs.
mTOR, redox homeostasis, and the γ-glutamyl cycle
Multiple pathways associated with thiol metabolism were found to be downregulated in PAH PAVSMCs, on the basis of its metabolite readouts (Fig. 5 ). Several key biochemicals along the biosynthetic pathway leading to glutathione, a key cellular antioxidant, were decreased in PAH, compared to control, PAVSMCs. Homocysteine, cysteine, both reduced and oxidized glutathione (GSH and GSSG, respectively), and 5-methyltetrahydrofolate (5MeTHF) showed a similar pattern of lower levels in PH compared to control cells. Also, cysteinylglycine, one of the major intermediates of γ-glutamyl cycle, and pyroglutamine, an amino modification of 5-oxoproline, were significantly lower in PAH compared to control group (Fig. 5 ). Importantly, inhibition of mTOR significantly increased 5MeTHF, homocysteine, cysteine, cysteinylglycine, and both GSH and GSSG content and decreased the level of 5-oxoproline ( Fig. 5 ). Surprisingly, we found no effects of PP242 on pyroglutamine level. Taken together, these data indicate mTOR-dependent deficiency of the GSH-GSSG redox system in PAH PAVSMCs.
mTOR and nicotinamide cofactors
Comparative analysis revealed that PAH PAVSMCs have reduced levels of several cofactors, including the key energy metabolism redox pair NAD-NADH (reduced NAD); the products of NAD degradation, nicotinamide and adenosine 5′ diphosphoribose (ADPR), were also markedly reduced in PAH cells compared to controls (Fig. 6A ). Inhibition of mTOR with PP242 significantly increased NAD, ADPR, and 1-methylnicotinamide levels without an evident effect on NADH and nicotinamide ( Fig. 6A ), suggesting a partial role for mTOR in nicotinamide cofactor biogenesis.
mTOR and aspartyl-containing dipeptides
Interestingly, we found that all detected aspartyl-containing dipeptides were significantly decreased or showed a trend to decreased levels (Fig. 6B ). This decrease appeared to be controlled by mTOR and reversed by mTOR inhibition by PP242 (Fig. 6B ).
DISCUSSION
Increased proliferation and resistance to apoptosis of microvascular PAVSMCs are major components of pulmonary vascular remodeling, a key and currently irreversible feature of PAH. 14, 15 PAVSMCs in PAH undergo reprogramming of major metabolic and synthetic pathways, as well as the redox system, to support an energy-consuming, proliferative, apoptosis-resistant diseased phenotype. 3, [5] [6] [7] [16] [17] [18] Metabolomic analysis of whole-lung samples from PAH subjects showed disrupted glycolysis, de novo synthesis of bile salts, increased tricarboxylic acid cycle, and fatty acid metabolites with altered oxidation pathways compared to nondiseased lungs, 19, 20 but targeted metabolomic analysis of PAVSMCs in PAH has never been performed, and the mechanisms regulating PAVSMC metabolic reprogramming are not fully understood.
In this study, we aimed to explore the role of mTOR in the PAH PAVSMC metabolome, using unbiased metabolomic profiling. Studies by our group and others demonstrate that early-passage PAVSMCs retain molecular and functional abnormalities found in PAH lungs in vivo (i.e., increased proliferation, survival, and persistent mTOR activation), 6, 21 which makes these cells an ideal model for exploratory research. We report that PAH PAVSMCs have a unique metabolomic signature distinct from that of nondiseased cells and that mTOR inhibition attenuates or reverses the levels of ∼60% of altered metabolites, showing a broad effect of mTOR on PAH-specific metabolomic changes. Mapping the metabolites to their respective pathways revealed marked differences in lipid, sugar, redox, and NAD metabolism in human PAH PAVSMCs, most of which appeared to be mTOR dependent.
Sugar metabolism
We found that human PAH PAVSMCs have a deficiency of multiple amino sugars and nucleotide sugars-essential components of protein and lipid glycosylation, including key components of glycoproteins, glycolipids (gangliosides), and glucosaminoglycans, as well as C-glycosyltryptophan, the central metabolite involved in Cmannosylation. 13 These alterations appeared to be highly mTOR dependent and reversible by mTOR inhibition. While understudied compared to other posttranslational modifications, cellular glycans play important roles in key biological processes, including cell adhesion, receptor activation, molecular trafficking, clearance, and signal transduction, and they modulate Ca 2+ release and metabolic and proliferative responses. 22, 23 Thus, mammalian glycans in the Golgi modulate the endocytosis of cell-surface glycoproteins that controls receptor expression and, in turn, respective signaling. As an example, N-acetylglucosamine GlcNAcT-V linkage retards epidermal growth factor and transforming growth factor (TGF)-β receptor endocytosis, and O-fucose linkage regulates Notch receptor trafficking, ligand binding, and activation, 23 suggesting potential links between disturbed glycosylation, growth factors, and Notch-signaling abnormalities detected in PAH PAVSMCs. Dysregulated glycosylation, caused mostly by failure of distinct steps in glycan formation, leads to severe morphogenic and metabolic disorders and is linked to a number of genetic diseases and cancer, 23, 24 and a recent study from the Dweik group provides a strong mechanistic link between dysregulated glycosylation and PAVSMC proliferation in PAH. 25 Such a broadly shared deficit of sugars, amino sugars, and nucleotide sugars in the PAH cohort and its high dependence on mTOR activity strongly suggest that PAVSMCs in PAH have mTOR-dependent alterations of protein and lipid glycosylation that may dramatically affect multiple signaling pathways involved in disease pathogenesis.
Lipid metabolism
Analysis of the biochemicals involved in fatty acid metabolism showed that human PAH PAVSMCs have increased levels of the key components of medium-chain fatty acid synthesis pathways, including citrate, caprylate, and caprate. Together with our previous report showing that PAH PAVSMCs have increased levels of active dephosphorylated ACC, 6 a key enzyme catalyzing a committed step in fatty acid biosynthesis, these data suggest existence of carboxylase; OLAH: dodecanoyl-acyl-carrier-protein hydrolase. B, Key metabolites of polyunsaturated fatty acid metabolism: intermediates of eicosanoid formation. COX: cyclo-oxygenase; LOX: lipoxygenase. CDP: cytidine diphosphate; CMP: cytidine monophosphate. C, Choline-conjugated phospholipid metabolism. CCT: phosphocholine cytidylyltransferase; CHK: choline kinase; CHPT: diacylglycerol cholinephosphotransferase; DAG: diacylglycerol; FA: fatty acid; GPC-PDE: glycerophosphocholine phosphodiesterase; LPLA: lysophospholipase. mTOR: mammalian target of rapamycin.
de novo lipid synthesis in PAVSMCs in human PAH. Of note, de novo fatty acid synthesis is one of the hallmarks of proliferative cancer cells, 26 and chemical inhibition of ACC suppresses the self-renewal growth of cancer stem cells 27 and selectively induces cancer cell growth arrest and apoptosis. 28 Importantly, mTOR inhibition dramatically reduced the levels of fatty acid synthesis intermediates, which is in good agreement with our previous findings showing the requirement of mTORC2 for ACC activation in PAH Figure 5 . Components of cysteine metabolism, redox homeostasis, and the γ-glutamyl cycle in control (CTRL), pulmonary arterial hypertension (PAH) pulmonary arterial vascular smooth muscle cells (PAVSMCs), and PAH PAVSMCs treated with mTOR kinase inhibitor PP242. Box plots for altered metabolites, combined with reaction schemes including key components and enzymes, are shown. Data for PAVSMCs (5 subjects/group) are presented as box-and-whiskers graphs as follows: light yellow: nondiseased (control); light blue PAH PAVSMCs; dark blue: vehicle-treated PAH PAVSMCs (Veh); orange: PP242-treated PAH PAVSMCs (details in Fig. S2 , available online). Data are in arbitrary units specific to internal standards for each quantified metabolite and normalized by total protein concentration. *P ≤ 0.05, # 0.05 < P < 0.1 by the Welch 2-sample t test. Enzymes that catalyze particular steps in the pathway are shown in blue boxes labeled with their abbreviations according to the Kyoto Encyclopedia of Genes and Genomes database. CBS: cystathionine-β-synthase; CSE: cystathionine gamma-lyase (cystathionase); GCS: glutamylcysteine synthetase; GGT: gamma-glutamyltranspeptidase 1; GS: glutathione synthetase; GSR: glutathione reductase; MTR: methyltetrahydrofolate-homocysteine methyltransferase; OXRs: oxidoreductases. cys-gly: cysteinylglycine; GSH: reduced glutathione; GSSG: oxidized glutathione; SAH: S-adenosylhomocysteine; SAM: S-adenosylmethionine; THF: tetrahydrofolate. mTOR: mammalian target of rapamycin. PAVSMCs 6 and with the reports from the Sheng and Kim groups demonstrating the critical role of mTOR in fatty acid synthase expression, ACC activation, and increased growth and survival of breast cancer cells. 29, 30 Given that targeting de novo fatty acid synthesis is considered a promising therapeutic option to develop anticancer therapies, 31 mTOR-dependent lipogenesis might be considered a new, potentially attractive target pathway for therapeutic intervention in PAH. PAH PAVSMCs also showed changed levels of biochemicals involved in choline-conjugated phospholipid metabolism, also proving the link between proliferative human PAH PAVSMCs and cancer. Increased choline metabolism is an emerging metabolic hallmark of oncogenesis. Elevated levels of choline-containing precursors and breakdown products of membrane phospholipids are strongly associated with cancer cell proliferation and are suggested as noninvasive biomarkers of tumor transformation and response to therapy, 32 and choline kinase (CHK), the key enzyme of choline metabolism, is under consideration as a novel cancer therapeutic target. 32 Our data show an mTOR-dependent increase in the levels of choline, a CHK substrate, in PAH PAVSMCs. Our new data and findings from the cancer field suggest a potential link between mTOR, CHK, and choline metabolism in PAVSMCs in human PAH, further exploration of which could lead to establishing a new target pathway.
In addition to mTOR-dependent changes in lipid metabolites, we detected an increase in the intermediates of the PUFA pathwayomega-6 AA, omega-3 eicosapentaenoate (EPA), and docosahexaenoate (DHA)-that was insensitive to mTOR inhibition. Given that AA and EPA control biosynthesis of eicosanoids (reviewed by Serhan et al. 33 ), the observed significant increase in key PUFAs likely contributes to altered eicosanoid metabolism, a known pathological manifestation of idiopathic PAH. 34 AA and its metabolites are also confirmed stimulators of the mammalian transient receptor potential 6 (TRPC6) channel that regulates intracellular Ca 2+ release and is upregulated in PAH PAVSMCs, 35 suggesting a strong link between increased AA levels and altered Ca 2+ release detected in PAH. Unesterified AA is liberated from membrane phospholipids by class A2 phospholipases (PLA2), suggesting potential PLA2 upregulation in PAVSMCs from idiopathic-PAH lungs. While there is no direct evidence linking PLA2 and human PAH, endothelin 1 and reactive oxygen species (ROS) activate cPLA2 and induce AA release in human and rabbit PAVSMCs, 36, 37 and PLA2 activation was reported as a regulator of acute PA pressure in rats exposed to hypoxia. 38 Interestingly, increased PLA2 and AA levels in human breast cancer are required for mTORC1 and mTORC2 activation and cell proliferation, 39 suggesting that increased levels of PUFAs in PAH PAVSMCs might contribute to PAVSMC-specific mTOR activation in human PAH and experimental PH that was recently reported by our group. 6 
Redox homeostasis and the γ-glutamyl cycle
Oxidative stress is one of the features of PAH pathogenesis made evident by increased levels of DNA, protein, and lipid oxidation in the lungs of PH subjects. 7 A major cellular endogenous soluble antioxidant is cysteine-containing tripeptide glutathione, a pair of reduced (GSH) and oxidized (GSSG) forms of which, controlled by the γ-glutamyl cycle, maintains redox homeostasis in mammalian cells. 40 We found that PAH PAVSMCs have reduced levels of major intermediates of the γ-glutamyl cycle, associated with a decrease in both reduced and oxidized forms of glutathione. These data suggest a deficiency in the GSH-GSSG redox system that might contribute to the alterations in ROS levels reported in PAH PAVSMCs. 7, 17 Interestingly, significant downregulation of expression and activity of cystathionine gamma-lyase (CSE), an enzyme of the γ-glutamyl cycle converting cystathionine to cysteine (and cysteine to pyruvate and H 2 S), is detected in the lung of rats with hypoxia-induced PH, 41 also indicating that glutathione metabolism is defective in PH. Inhibition of mTOR led to a marked increase in key intermediates of glutathione synthesis as well as significant upregulation of both reduced and oxidized forms of glutathione, suggesting that mTOR inhibition may restore PAH-specific defects in the GSH-GSSG redox system, which will likely improve oxidant/antioxidant imbalance and increase PAVSMC antioxidant capacity. Of note, mTOR also controls mitochondrial oxidative function 42 and contributes to ROS production, 43 supporting its role in regulating redox signaling.
NAD metabolism
We found that intermediates of NAD metabolism (ADPR and nicotinamide) are significantly reduced in PAH PAVSMCs compared to the control group. The NAD-NADH pair acts as a cofactor in multiple processes, and reduced NAD levels may have a broad impact on other synthetic pathways. NAD is a substrate for CD38 (cyclic ADPR hydrolase) or CD157 (ADP-ribosyl cyclase) bifunctional enzymes, which convert NAD to cyclic ADPR, a well-known Ca 2+ -releasing second messenger, and then hydrolyze it to ADPR. Of note, hypoxia, one of known triggers of experimental PH, inhibits hydrolase activities of both CD38 and cyclic ADPR in rabbit PAVSMCs, 44 suggesting a potential mTOR-dependent disruption of NAD-ADPR conversion in pulmonary hypertensive conditions that may affect both proliferation and vasomotor tone in PAH pulmonary vasculature.
The major limitation of this work is a small sample size that limits power of analysis and may be associated with the inability to detect potential differences in certain metabolites. Idiopathic PAH is a rare disease that limits availability of well-characterized primary microvascular PAVSMCs from the PAH cohort and prevents us from expanding the quantity of subjects to the 40-50 per group required to achieve low FDR, indicative of strong statistical performance as calculated by power analysis. Current FDRs are 36% for the PP242-vehicle PAH PAVSMC cohort and 98% for the control-PAH PAVSMC cohort. While corroborating previous mechanistic findings on human PAH and experimental PH, because of such limitations the data generated in this pilot study cannot be generalized to the broader human PAH population and must be integrated with prior knowledge to identify specific metabolites for targeted analysis in future studies and to validate/confirm findings.
In conclusion, we report that mTOR is a significant positive regulator of multiple, but not all, metabolic abnormalities found in PAH PAVSMCs, including altered fatty acid synthesis, a deficiency of glycosylation donors, alterations in choline-conjugated phospholipid metabolism, and a defective glutathione metabolism.
Recognizing the complexity of metabolic regulation and the important role of other signaling pathways in the development and maintenance of the proliferative, apoptosis-resistant PAVSMC phenotype in PAH, we anticipate that multiple cross talks might exist between mTOR and other known pathways/modulators of PAH pathogenesis. Indeed, mTORC2 contributes to upregulation of hypoxiainducible factor 1α and Akt, known triggers of metabolic glycolytic shift in PH and cancer and positive regulators of PAVSMC proliferation and survival in human PAH and experimental PH. 6, 9, [45] [46] [47] [48] [49] Recently reported mTORC2-dependent activation of ACC, 6 one of the key enzymes/regulators of lipogenesis, provides a mechanistic link between mTOR and signaling pathways regulating lipid metabolism in PAH. Further, mTOR is regulated by NADPH oxidase Nox4 6 and, in turn, controls mitochondrial oxidative function 42 and contributes to ROS production, 43 strongly suggesting its multiple-level involvement in redox signaling. Although there is no direct evidence linking mTOR with bone morphogenetic protein receptor 2 (BMPR2) deficiency, the BMPR2 downstream effector peroxisome PPARγ inhibits mTORC1 in cancer cells, 50, 51 and Nox4 modulates expression of PPARγ under chronic hypoxia, 52 suggesting potential cross talk between mTOR, BMPR2, redox signaling, and lipid metabolism in human PAH. While more studies should be done to dissect the exact role of mTOR in the PAH signaling network, it is now becoming clear that mTOR may act as an important component of several other signaling pathways, further supporting its potential attractiveness as a molecular target for therapeutic intervention.
Given recent advances in the pharmacological use of PP242 and other ATP-competitive mTOR inhibitors in animal models of PH and cancer, 6, 9, 15 targeting mTOR may represent an attractive potential strategy to improve PAH-specific metabolic abnormalities supporting a proliferative, apoptosis-resistant PAVSMC phenotype. Our data also suggest that PAVSMCs in PAH have de novo lipid synthesis, which may represent an important component of disease pathogenesis that has never been studied in PAH. Taken together, metabolomic profiling highlights the important role of mTOR in PAH-specific metabolic alterations in human PAVSMCs and suggests new areas that are worthy of further investigation.
